Germ-line mutations of LKB1 and PTEN tumor suppressor genes underlie the phenotypically related Peutz±Jeghers syndrome (PJS) and Cowden disease (CD), respectively. To analyze possible developmental roles of PTEN and LKB1, we have studied their mRNA expression during mouse embryonic development (E7±17.5) by in situ hybridization. Ubiquitous expression of both genes during early stages (E7±11) became more restricted in later embryonic development (E15±19) where LKB1 and PTEN showed prominent overlapping expression in e.g. gastrointestinal tract and lung. In contrast, LKB1 was selectively expressed at high levels in testis and PTEN was prominently expressed in skin epithelium and underlying mesenchyme. These results indicate that LKB1 and PTEN display largely overlapping expression patterns during embryonic development. Moreover, a high expression of these genes was observed in the tissues and organs affected in PJS and CD patients and in PTEN 1/2 mice. q
Results
Peutz±Jeghers syndrome (PJS) and Cowden disease (CD) are autosomally dominantly inherited diseases that share clinical features, such as mucocutaneous lentigines and multiple tumors (thyroid, breast, ovarian, and testicular neoplasms; reviewed in Smith and Ashworth, 1998) . Germline mutations in genes encoding for the Lkb1 serine/threonine kinase and for the PTEN dual-speci®city phosphatase cause PJS and CD, respectively (Hemminki et al., 1998; Liaw et al., 1997) . Lkb1 is a serine/threonine kinase of unknown function (Ylikorkala et al., 1999) . PTEN is involved in the negative regulation of PI3'K/PKB/Akt signaling pathway , and is also implicated in regulating cell migration through association with the focal adhesion kinase FAK (Tamura et al., 1998) . Homozygous mutant mice with targeted inactivation of PTEN die during early embryonic development by day 9.5 of gestation indicating a critical role for PTEN in embryonic development. In addition, heterozygous PTEN 1/2 mice developed leukemia and tumors in various tissues including colon and testis (Di Cristofano et al., 1998; Suzuki et al., 1998) .
Despite the similarities of PJS and CD it remains to be seen whether PTEN and LKB1 function in the same cells or in the same signal transduction pathway. Both genes have been found to be expressed in all analyzed tissues by Northern blotting analysis (Jenne et al., 1998; Suzuki et al., 1998) , but re®ned expression studies have not been reported. To analyze potential interactions of PTEN and LKB1 and their possible roles in embryonic development, we studied their expression patterns during mouse embryonic development by RNA in situ hybridization.
Hybridization of LKB1 and PTEN probes to E7 embryos revealed a high ubiquitous expression in all extraembryonic and embryonic tissues (data not shown). Also in E9±11 embryos expression of both genes correlated with cell density and was observed throughout the embryos as shown for E10 embryos in Fig. 1 . Although the signals are similar in intensity, comparisons of absolute expression levels of PTEN and LKB1 can not be made due to differences in exposure times and af®nities of probes. No speci®c hybridization signal was detected in the control sections hybridized with a sense probe (data not shown).
During further development expression of both PTEN and LKB1 became more pronounced in speci®c tissues, although a low level of hybridization signal was detected throughout older embryos as shown for a 15 day embryo. The liver contained relatively more LKB1 than PTEN (Fig. 1 ). An intense signal was also observed in lung including epithelial and mesenchymal cells (Fig.  2G,H) . Prominent expression of LKB1 and PTEN was seen in thyroid gland (Fig. 1) and thymus (not shown). In salivary gland hybridization signals were seen in the mesenchymal stroma surrounding the epithelial structures (Fig. 1) . In kidney, both genes were seen in mesenchymal and epithelial tissues, but e.g. epithelial glomeruli showed less transcripts (Fig. 1) . The signal in the urinary bladder was more pronounced in the epithelium than in the underlying tissues (not shown).
In the gastrointestinal tract, LKB1 and PTEN signal was detected from the early stages of development. Later, an intense expression became restricted to the mucosal epithelium of the small intestine, colon and rectum (Fig. 2I±L) . Both transcripts were also seen in the epithelium of the oral cavity, esophagus and stomach as well as in tooth germ. Relatively weak expression of LKB1 and PTEN was observed in pancreas (Fig. 2, and not shown) .
In the 15-day embryo, the central nervous system including the spinal cord had more relative expression of PTEN (Fig. 1) . In later embryos prominent expression of both genes was observed in CNS and in peripheral nerve ganglia including trigeminal, dorsal root and superior cervical ganglia (not shown). LKB1 and PTEN mRNAs were also present at high levels in the epithelium lining the nasal cavity but, interestingly, the LKB1 signal was mostly con®ned to the nasal epithelium, whereas PTEN was strongly expressed in the olfactory epithelium as well as in the underlying mesenchyme (Figs. 2A,B) .
In the skin, a high expression of PTEN appeared in the mesenchymal cells beneath the epithelial cells with lower expression (Fig. 1) . In a 17.5-day embryo PTEN expression was prominent in all epithelial cell layers except the stratum corneum (Fig. 2F) . It is interesting to note that the prominent expression of PTEN but not LKB1 (Fig. 2E ) in skin could be re¯ected in skin hamartomas more characteristic for CD than PJS (reviewed in Smith and Ashworth, 1998) .
LKB1 expression was intense in seminiferous tubules of the testis containing spermatogonia and Sertoli cells but the basal layer where spermatogonial germ cells are located and the surrounding interstitial tissue showed a weak hybridization signal (Fig. 2C) .
In conclusion, a high expression of LKB1 and PTEN was observed in the tissues and organs affected in Peutz±Jeghers syndrome and Cowden disease.
Methods
This investigation was approved by the Animal Welfare Committee of the Haartman Institute, University of Helsinki. A mouse LKB1 open reading frame in pGEM-T (Ylikorkala et al., unpublished) or a PCR fragment with a T7 binding site covering the human PTEN (96% identity to mouse sequence) open reading frame from pBP-PTEN-HA (Furnari et al., 1997 ; kindly provided by Drs. F. Furnari and W. Cavenee) were used for in vitro transcription of 35 S-UTP-labeled antisense and sense probes. In situ hybridizations were performed according to Wilkinson and Green (1990) with modi®cations (Luukko et al., 1996) .
